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The Three-Dimensional Structure of
Septum Site-Determining Protein MinD from
Pyrococcus horikoshii OT3 in Complex with Mg-ADP
ization of the essential cell division protein FtsZ at the
potential division site. FtsZ recruits several other essen-
tial proteins to form mature cell division machinery, and
the cell division process then progresses (see [1] for a
recent review). Rod-shaped bacteria such as Esche-
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Hokkaido University richia coli have three potential division sites in a cell.
One of them is at the midcell position, while the othersSapporo 060-0810
Japan are adjacent to the cell poles, with cell division poten-
tially occurring at all these three positions. Thus, the2 Department of Applied Biological Chemistry
Graduate School of Agricultural precise placement of the FtsZ ring at the cell center is
prerequisite for the accurate cell division of bacteria.and Life Sciences
University of Tokyo This poses a very important question as to how the
cell center is recognized in bacteria. Recent studies ofTokyo 113-8657
Japan products of min operon in E. coli provide a clue to the
answer to this question. In E. coli, septation at the cell-
pole site is repressed by the products of the min operon
MinC and MinD by specifically inhibiting the FtsZ ringSummary
assembly [2]. MinC and MinD act in concert to form
a nonspecific inhibitor of septation that is capable ofBackground: In Escherichia coli, the cell division site
blocking division at all potential division sites [2, 3]. MinEis determined by the cooperative activity of min operon
protein, another min operon product, suppresses theproducts MinC, MinD, and MinE. MinC is a nonspecific
MinCD-mediated division block specifically at midcell,inhibitor of the septum protein FtsZ, and MinE is the
presumably by effecting the dissociation of the MinCDsupressor of MinC. MinD plays a multifunctional role. It
complex [4–7].is a membrane-associated ATPase and is a septum site-
In this mechanism of the placement of cell divisiondetermining factor through the activation and regulation
machinery, MinD plays multifunctional roles. It activatesof MinC and MinE. MinD is also known to undergo a rapid
the latent division-inhibitory activity of MinC [8]. Thepole-to-pole oscillation movement in vivo as observed by
binding of MinD makes MinC sensitive to the supressionfluorescent microscopy.
of the inhibitory activity by MinE. The accumulation of
MinE at the midcell septation site also depends on MinDResults: The three-dimensional structure of the MinD-2
[6]. Thus, MinD is requisite for the proper function of bothfrom Pyrococcus horikoshii OT3 (PH0612) has been de-
MinC and MinE [6]. More recently, remarkably dynamictermined at 2.3 A˚ resolution by X-ray crystallography
properties of MinD in vivo have been observed by fluo-using the Se-Met MAD method. The molecule consists
rescent microscopy experiments [9–13]. In the presenceof a  sheet with 7 parallel and 1 antiparallel strands
of MinE, a functional green fluorescent protein fusedand 11 peripheral  helices. It contains the classical
MinD (GFP-tagged MinD) or MinCD complex accumu-mononucleotide binding loop with bound ADP and magne-
late on one pole of the cell. After tens of seconds, thesesium ion, which is consistent with the suggested ATPase
molecules migrate to the other pole, apparently in aactivity.
cooperative manner. This oscillation starts at a relatively
young stage of the cell growth and continues to the veryConclusions: Structure analysis shows that MinD is
last stage of cell division. Although it is still not clear howmost similar to nitrogenase iron protein, which is a mem-
this dynamic movement of MinCD complex is related tober of the P loop-containing nucleotide triphosphate
cell division, this observation suggests the unforeseenhydrolase superfamily of proteins. Unlike nitrogenase or
complexities in the bacterial cell division process.other member proteins that normally work as a dimer,
By sequence comparison, MinD has been shown toMinD was present as a monomer in the crystal. Both
be a poorly understood member of the ATPase familythe 31P NMR and Malachite Green method exhibited
[14]. ATPase activity has been actually observed in MinDrelatively low levels of ATPase activity. These facts sug-
from E. coli in the presence of Mg2 [14]. The importantgest that MinD may work as a molecular switch in the
roles in the accurate placement of the cell division ma-multiprotein complex in bacterial cell division.
chinery, as well as an intriguing behavior seemingly as
a motor protein in prokaryote, make MinD an attractive
Introduction target for structural study. In this paper, we describe
for the first time the tertiary structure of MinD-2 from
Bacterial cell division requires the formation of a septum hyperthermophilic archaebacterium, Pyrococcus hori-
at midcell, circumferential invagination of the cyto- koshii OT3 [15], which was overexpressed in E. coli.
plasmic membrane, and synthesis of a peptideglycan
layer. The key step in septum formation is the polymer-
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Figure 1. Ribbon Diagram of the MinD-2 from Pyrococcus horikoshii
The molecule consists of an 8 stranded  sheet and 11 peripheral
 helices. Bound ADP (ball-and-stick) and a magnesium ion (gray
ball) are also shown.
Results
Figure 2. Sequence Alignment of MinD Proteins
Structure Description The sequences displayed are MinD-2 from P. horikoshii (PH0612),
MinD from E. coli (SWISS-PROT, P18197) and B. subtilis (SWISS-MinD-2 from P. horikoshii OT3 (PH0612) was cloned,
PROT, Q01464), MinD-2 from M. jannaschii (MJ0169), and MinD-1overexpressed, and purified as described elsewhere
from A. fulgidus (AF0696). Secondary structure elements as deter-[16]. It has a molecular weight of 26.3 kDa with 245
mined by the present work using the DSSP program [17] are also
amino acid residues. The structure was determined by given. The numbering for residues refers to MinD-2 from P. horiko-
the multiwavelength anomalous diffraction (MAD) method shii. The residues highlighted in red represent complete conserva-
using selenomethionine-substituted proteins. The de- tion, and those in green represent conservative mutation. The resi-
dues that are directly interacted with bound ADP are marked by redtails of data collection, phasing, and refinement are de-
stars. The regions of switch I, switch II, and P loop are underlined.scribed in Experimental Procedures (Tables 1, 2, and
3). The present model contains all residues except two
C-terminal residues. Figure 1 is a view of the overall
structure of MinD-2 from P. horikoshii OT3. Secondary is present at one end of the sheet, is short (four residues)
and distorted, and it was not assigned as  strand bystructural elements of MinD as defined by the program
DSSP [17] are given in Figure 2. The molecule consists DSSP. We assigned this region as  strand because
of the characteristic hydrogen bonds. The  sheet isof a  sheet with 7 parallel and 1 antiparallel strands
and 11 peripheral  helices (Figure 1). The arrangement sandwiched by the clusters of five (1, 2, 9, 10, and
11) and six helices (3, 4, 5, 6, 7, and 8) on eachof the  sheet is in the order 3(a)-4(p)-2(p)-5(p)-
1(p)-6(p)-7(p)-8(p). The antiparallel 3 strand, which side of the sheet.
Table 1. Data Collection Summary
Data Remote Peak Edge
Wavelength (A˚) 0.9000 0.9791 0.9794
Resolution (A˚) 40.0–2.3 40.0–2.3 40.0–2.3
Observed reflections 299,968 (42,239) 270,283 (20,914) 272,425 (21,054)
Independent reflections 13,645 (1,964) 13,617 (1,953) 13,641 (1,964)
Completeness (%) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0)
Multiplicity 22.0 (21.5) 19.8 (10.7) 20.0 (10.7)
I/(I) 9.1 (3.3) 9.2 (4.3) 9.3 (4.1)
Rmeasa 0.067 (0.235) 0.062 (0.184) 0.062 (0.914)
Rlambdab – 0.042 (0.067) 0.048 (0.07)
fc / f″d 1.62 / 3.59 6.91 / 6.10 9.64 / 2.91
Values within parentheses are for the highest resolution shell (2.42–2.30 A˚).
a Rmeas  h[m/(m  1)]1/2j|	I
h  Ih,j|/hjIh,j, where 	I
h is the mean intensity of symmetry-equivalent reflections, and m is redundancy.
b Rlambda  ||Fi|  |F0||/|F0|, where F j is the structure factor of the data collected at j, and F0 is the structure factor collected at 0.9000 A˚.
c The real part of the anomalous scattering factor of selenium atoms refined by SHARP [37]. The value for the “Remote” data is a theoretical
value calculated by Cromer and Liberman’s method.
d The imaginary part of the anomalous scattering factor of selenium atoms refined by SHARP. The value for the “Remote” data is a theoretical
value calculated by Cromer and Liberman’s method.
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Table 2. Phasing Statistics
Remote Peak Edge
Data Isomorphous Anomalous Isomorphous Anomalous Isomorphous Anomalous
Rcullisa 0.581/– 0.524/0.567 0.415/– 0.354/0.423 0.605/–
Phasing powerb 3.63/– 4.08/2.37 4.72/– 5.40/2.69 3.47/–
(acentric/centric)
Figure of merit 0.808/0.636
(acentric/centric)
Figure of merit 0.950
(after SOLOMONc)
a Rcullis  h||F  F0|  FH(calc)|/h|F  F0|, where F, F0, and FH include their sign ( or ).
b Phasing power  	|FH(calc)|
/	E
, where E is the phase-integrated lack of closure.
c Figure of merit after solvent flattening by SOLOMON [38].
Similar Structures evolved from an ancestral molecule on the basis of its
ATPase activity in two different systems.DALI structural similarity search [18] revealed that MinD
is most similar to nitrogenase iron protein (PDB ID, In view of the fact that MinD undergoes a rapid pole-
to-pole oscillation in vivo, we also compared the MinD1CP2-A; Z score, 23.0; rmsd, 2.9 A˚ for 222 C atoms)
[19, 20], arsenite-translocating ATPase fragment (PDB structure with those of the motor domains of myosin [23]
and kinesin [24]. It has been shown that these eukaryoticID, 1F48-A; Z score, 12.9; rmsd, 3.2 A˚ for 177 C atoms)
[21], and dethiobiotin synthase (PDB ID, 1BYI; Z score, motor proteins run on the fibrous structure of actin or
tublin and have a significant degree of similarity in the11.6; rmsd, 3.5 A˚ for 170 C atoms) [22].
By sequence comparison, MinD has been shown to be tertiary structure of their motor domains, suggesting
that they have a similar mechanism for force-generationa P loop-containing nucleotide triphosphate hydrolase
family [14]. The proteins in the family have a consensus [24]. The energy required for the movement is supplied
from that of the released chemical bond energy throughnucleotide binding sequence and a limited sequence
similarity with MinD. When the sequence of the MinD is the ATP hydrolysis by these domains, but the mecha-
nism by which the chemical energy is changed to me-aligned according to its structure with the sequences of
nitrogenase iron protein, MinD shares only 54 identical chanical energy is not yet clear.
A general survey by the DALI server within the Proteinresidues (22.3%) with the corresponding regions of the
nitrogenase, but the overall folding topologies of two Data Bank did not reveal any similarity between MinD
and motor domains. However, since the existence ofproteins are clearly related to each other (Figure 3). It
is thus suggested that MinD and nitrogenase are evolu- the central  sheet and peripheral  helices gave an
impression that MinD has some similarity to these motortionarily related. These two molecules have probably
domains, a more detailed comparison has been made by
the DALI server against these individual motor proteins
Table 3. Refinement Statistics using ADP binding core. Figure 3a is the view of the
molecules of MinD, nitrogense iron protein, and kinesinResolution range (A˚) 10.0–2.3
(PDB ID, 1BG2; Z score, 3.0; rmsd, 3.4 A˚ for 106 CNumber of reflections 13,412
Completeness (%) 100 atoms) aligned as suggested by the DALI server. The
Total Number of Nonhydrogen Atoms ADP sites are similarly positioned. The similarities go
Protein 1823 beyond the ADP binding site and cover the / core
ADP, Mg 28 (strands 7, 6, 1, and 5 and  helices 1, 6, 7,
Solvent 35
and 11 in MinD). This covers most (about 70%) of theR factor (%)a 18.8
suggested similarity region between myosin and kinesinFree R factor (%)b 22.7
Rms Deviation from Standard Values [24], but the folding topology of MinD is clearly different
Bonds (A˚) 0.012 from these proteins (Figure 3b), which suggests that this
Bond angles () 1.66 is the result of convergent evolution. The comparison
Average B Factor (A˚2) of the primary structure of MinD with motor proteins
Protein 34.5
also showed that they are not related except for theADP, Mg 35.6
phosphate binding loop region.Solvent 28.2
Ramachandran Plotc
Residues in most favored regions (%) 90.9
ADP Binding SiteResidues in additional allowed regions (%) 9.1
Residues in generously allowed regions (%) 0.0 The electron density clearly shows that MinD-2 from P.
Residues in disallowed regions (%) 0.0 horikoshii OT3 contains bound ADP and magnesium ion
at the pocket close to the edge of the  sheet on thea R factor  |Fobs  Fcal|/Fobs, where Fobs and Fcal are observed and
calculated structure factor amplitudes. surface of the MinD molecule (Figure 4a). Since we made
b Free R factor value was calculated for R factor, using only an no attempt to add ATP or ADP molecules in the purifica-
unrefined subset of reflections data (10%). tion or crystallization steps, the ADP molecule was
c Ramachandran plot was calculated by PROCHECK [43].
bound during the growth of the E. coli cells. It has been
Structure
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Figure 3. Comparison of the Fold of MinD
with Other Proteins Having Similar Structures
(a) (1) MinD-2 from P. horikoshii, (2) nitroge-
nase iron protein (PDB ID, 1N2C), and (3)
kinesin motor domain (PDB ID, 1BG2).
(b) Topological diagrams showing the sec-
ondary structures. Dashed lines represent
core region, and red stars represent P loop
region.
shown that MinD from E. coli has ATPase activity in and N7 of adenine are hydrogen bonded to N of D200,
O’ of P198, and ND2 of N171, respectively, in MinD.the presence of Mg2 ion [14]. Therefore, the observed
coordination of ADP in the present crystal is considered These hydrogen bonding interactions between adenine
and the amino residues are well conserved between theto be the product of the molecule’s ATPase activity.
The ADP molecule cozily sits in the cavity at the mo- two molecules (the corresponding residues in nitroge-
nase iron protein are D214, P212, and N185). However,lecular surface created by the residues G13–T18, N171–
R172, P198–D200, I203–R204, and T207 (Figure 4b). The the residues involved in the stacking interactions are
somewhat different in the two molecules. While in theadenine base of ADP in the MinD complex is sandwiched
by the peptide residues with stacking interactions, hy- nitrogenase iron protein, the guanidinium group of R213
is stacked to the plane of adenine, this residue is re-drogen bonds, and van der Waals contacts of R172,
I203, D200, E199, and P198 (Figure 5a). Phosphate moi- placed with E199 which has a shorter side chain. Instead
of E199 (or R213 in nitrogenase iron protein), the guanidi-ety interacts with the conserved P loop region.
Since the structure of nitrogenase iron protein from nium group of R172 is oriented parallel to the base of
adenine with a stacking distance of 3.75 A˚. This residueAzotobacter vinelandii has been determined in complex
with the ATP analog ADP.AlF4 (PDB ID, 1N2C; [19]), forms a salt bridge with the carboxylate group of E199.
Moreover, the plane formed by the guanidinium groupwe made a detailed structural comparison around the
nucleotides of the two molecules (Figure 5). The N1, N6, of R172 and the carboxylate group of E199 (E-R plane)
Structure of Septum Site-Determining Protein MinD
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In MinD, the Mg2 ion is anchored by half-octahedral
coordination with -phosphate of the ADP, three water
molecules, and hydroxyl oxygen of T17 that is positioned
on the top of the half-octahedron. The sixth coordination
position is exposed onto the surface of the MinD mole-
cule, and no bond is formed. This site might be occupied
by the side chain of the neighboring residue K16 in the
catalytic intermediate state.
One of the largest differences in ADP binding between
nitrogenase iron protein and MinD is the switch region
which changes its conformations on ADP-ATP (or GDP-
GTP) exchange [25, 26]. The switch II (residues 118–121
[DCPA] in MinD) that normally senses the -phosphate
in nucleotide binding proteins is positioned farther (more
than 1 A˚) from the ADP binding site than is the nitroge-
nase iron protein, so only OD1 of D118 and O’ of C119
make hydrogen bonds, respectively, to OG1 of T17 and
a water molecule that is involved in Mg2 binding. The
residues (D38, D40, N45, and L46) in switch I, the Mg2
binding site (residues 38–46, DGDLTMANL), interact
with Mg2 through a water-mediated hydrogen bond
network.
Evidence for Mg-ADP Binding to MinD
as Revealed by 31P NMR
31P NMR allows us to observe the phosphates bound to
proteins and provides information regarding the micro-
environments of phosphorus atoms in solution. There-
fore, 31P NMR was measured for the present sample.
Similar methods have been applied to the study of the
interactions of nucleotides with motor proteins such as
myosin, kinesin, and ncd [27–31].
Figure 4. The View of Mg-ADP in MinD Figure 6a shows the 31P NMR spectrum of free Mg-
(a) Electron density of Mg-ADP region. The sigma-weighted omit ADP at pH 7.0 and 25C. Signals of the - and -phos-
map is calculated at 2.3 A˚ resolution and contoured to 3.0 . phates of free Mg-ADP were observed at 9.5 ppm and
(b) Electrostatic surface representation of MinD in complex with 5.6 ppm, respectively, as assigned according to previous
Mg-ADP. Mg-ADP is located in the cleft at the molecular surface.
studies [29, 32]. The spectrum of MinD complex showed
two signals at 8.2 ppm and 1.6 ppm at pH 7.0 and
25C (Figure 6b). Peaks in the lower and the higher fields
are, respectively, assigned to the - and -phosphatesis oriented parallel to the guanidinium group of R175 at
a similar distance. On the opposite side of the adenine of Mg-ADP by comparing its spectrum with those of
Mg-ADP complexed with skeletal muscle myosin sub-base, a hydrophobic amino acid I203 makes van der
Waals contact with the adenine in MinD. As for the ribose fragment 1 [27, 30], smooth muscle myosin subfragment
1 [31], and kinesin and ncd motor domains [29].moiety, instead of E211 in nitrogenase, OG of T207 and
NE of R204 are within hydrogen bonding distance to the These 31P NMR spectra clearly showed that MinD-2
purified from E. coli has a tightly bound Mg-ADP and isO2’ and O3’ of the ribose base, respectively.
As a typical nucleotide binding site, the - and consistent with the crystal structure analysis. The sig-
nals of both- and-phosphates were shifted downfield-phosphate groups bind to the P loop (the consensus
sequence is GXGGXGK[TS] and GKGGTGKTT for this from those of free Mg-ADP in MinD complex as shown
in Figure 6, suggesting that the electron density sur-molecule) through the backbone amide nitrogen atoms
of residues G13–T18, side chain oxygen atoms of T17 rounding the - and -phosphates of Mg-ADP de-
creases upon complex formation with MinD. For bothand T18, side chain amide nitrogen atom of K16, and
water molecules. In spite of the difference in the bound kinesin and ncd motor domains, the -phosphate and
-phosphate signals of Mg-ADP were, respectively,molecules (ADP in MinD and ADP.AlF4 in nitrogenase
iron protein), the main chain conformation of the P loop shifted upfield and downfield when complexed with
these proteins [29]. On the other hand, the -phosphateas well as the positions and interactions of - and
-phosphate of the nucleotide are very similar to each signal of Mg-ADP was not apparently shifted, while the
-phosphate signal was shifted downfield by complexother. In contrast, the coordination of the Mg2 ion is
quite different in the two molecules. While in nitroge- formation with skeletal and smooth muscle myosin sub-
fragment 1 [27, 30, 31]. Thus, the interaction of the- andnase, iron protein Mg2 is 3.56 A˚ from -phosphate and
has no direct coordination, the corresponding distance -phosphates of Mg-ADP with MinD is distinctly differ-
ent from any of these motor proteins.in MinD is 2.12 A˚, which is within coordination distance.
Structure
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Figure 5. Stereo View of ADP Binding Sites
ADP binding sites for (a) MinD and (b) nitroge-
nase iron protein.
ATPase Activity Discussion
In an attempt to confirm the ATPase activity of MinD-2
from P. horikoshii OT3, the ATPase activity of the purified Among the proteins involved in bacterial cell division,
MinD is the most highly conserved component next toproteins was measured using 31P NMR and the Malachite
Green method. In the 31P NMR spectra, the decrease in FtsZ and is present both in eubacteria and archaea.
Unlike eubacterial MinD, however, archaea has twothree phosphate signals of ATP and the increase in the
signal of inorganic phosphate were traced by measuring MinD homologs (MinD-1 and MinD-2) whose amino acid
sequences are closely related. (In the case of MinD fromtheir peak heights (Figure 7). According to the data, the
ATPase turnover rate of MinD was calculated to be 2.9 P. horikoshii OT3, 47.1% identity between MinD-1 and
MinD-2.) Very recently, the structure of MinD-1 from105 s1 at 25C. The inorganic phosphate produced
by the ATPase activity of MinD was also measured us- Archaeoglobus fulgidus has been determined at 2.6 A˚
resolution [33]. Interestingly, MinD-1 from A. fulgidusing the Malachite Green method. By this method, the
ATPase turnover rate was calculated to be 1.6  105 s1 was crystallized without any ligand molecules, which
constitutes a sharp contrast to MinD-2 from P. horikoshiiat 37C, which is in good agreement with that deter-
mined by NMR, considering the differences of the used OT3 that has a tightly bound Mg-ADP molecule. Since
we made no attempt to cocrystallize MinD with the ADPmethod and measured temperature. These values are
significantly lower than the previous measurement of the molecule, the observed coordination of the Mg-ADP
molecule in the crystal is considered to reflect the stableATPase of the MinD from E. coli (1.0  103 s1) [14],
which may reflect the physiological conditions in which state of this molecule. This was further confirmed by
the NMR measurement.two bacteria grow. Actually, at an elevated temperature
(70C), the ATPase turnover rate of MinD-2 from P. hori- In order to elaborate the difference in the nucleotide
binding, we compared two structures (MinD-1 from A.koshii OT3 was much higher (1.6  104 s1).
Structure of Septum Site-Determining Protein MinD
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Figure 7. ATPase Activity of MinD Determined by 31P NMR
Figure 6. 31P NMR Spectra ATPase activity was measured at pH 7.0 and 25C at the decrease
31P NMR spectra of (a) free Mg-ADP and (b) MinD at pH 7.0 in the peak heights of -phosphate (open square), -phosphate
and 25C. (closed circle), and -phosphate (closed triangle) of ATP and the
The sample solutions of free Mg-ADP contained 5 mM ADP, 10 mM increase in that of inorganic phosphate (open circle). The NMR spec-
MgCl2, 50 mM Mops/KOH (pH 7.0), 0.1 M KCl, 0.5 mM EGTA, 2 mM tra were recorded after the addition of ATP and MgCl2 stock solu-
DTT, and 10% D2O, while those of MinD contained 0.4 mM MinD, tions to a MinD solution. The sample solution contained 0.4 mM
0.1 M KCl, and 10% D2O. These spectra were obtained by accumu- MinD, 100 mM KCl, 2 mM ATP, 4 mM MgCl2, and 10% D2O. 2048
lating 32 transients for (a) or 2048 transients for (b) with 20 Hz line transients with 20 Hz line broadening were accumulated for each
broadening at 202 MHz. The symbols  and  in the figure indicate spectrum.
the signals of - and -phosphates of free Mg-ADP, and  and 
indicate those of protein-bound Mg-ADP, respectively.
mediates to determine the precise cell division site re-
mains to be understood. The present analysis has shown
that MinD is one of the large family of ATPases and is
fulgidus and MinD-2 from P. horikoshii) in detail. All the most similar to the nitrogenase iron protein which is
residues that are directly involved in the nucleotide bind- the nucleotide-dependent switch in the multicomponent
ing in MinD-2 are conserved (except for Thr207) in system for electron transfer. Other proteins structurally
MinD-1. The replacement of Thr207 to Ala in MinD-1 similar to MinD are arsenite-translocation ATPase frag-
causes a loss of one hydrogen bond. Arg175, which ment (ARSA) and dethiobiotin synthase. All these pro-
might be important for nucleotide binding as mentioned teins are dimers or an internal dimer (ARSA), and the
ATPase site is at the dimer (or internal dimer) contactin the previous section, is replaced by Thr in MinD-1
region with the ATPase activity requiring a second mole-from A. fulgidus. The conformation of this region (loop
cule (or second half). In contrast, MinD-2 from P. hori-174–180) is most dissimilar in the two structures. While
koshii OT3 is a monomer in the crystal as well as in thethe loop of MinD-2 is closed, thereby making Arg175
solution (data not shown). MinD from E. coli is knowncloser to the nucleotide, it is rather open in MinD-1.
to interact with MinC or MinE. Probably, MinD exhibits itsSimilar conformational change is observed between the
ATPase activity as a molecular switch in the multiproteinnucleotide bound form of nitrogenase iron protein (Azo-
complex of these proteins in septum site-determiningtobacter vinelandii) and its free form (Clostridium pas-
process. It was hypothesized that at some point duringteurianum).
MinD’s interactions with MinC, MinE, and a nucleotide,The previous experiment showed that MinD migrates
MinD dimerizes and that this regulates a biologicallyin the E. coli cell at a considerably high speed. Although
significant step in bacterial cell division [13].the physiological significance of this migration is still
While MinD is a well-conserved component of cellnot clear, the migration is clearly related to cell division.
division proteins, MinC and MinE are less conservedFurthermore, mutation of Lys16, an essential residue for
and are not present in archaea. It is thus necessary to
P loop-containing ATPase, of MinD from E. coli led to
find real targets of MinD in archaea. It may also be
loss of the activity of ATPase and prevented normal cell possible that in archaea, MinD-1 and MinD-2 make up
division [14]. Thus, ATPase activity is coupled to the a heterodimer in which MinD-1 plays a regulatory role
precise placement of the cell division site. In the present in the ATPase activity of MinD-2. In order to elaborate
study, the ATPase activity of MinD-2 from P. horikoshii the latter hypothesis, we measured the ATPase activity
OT3 was measured using the purified protein. The ob- of MinD-1, MinD-2, and the mixture of MinD-1 and -2.
served activity was, though significant, much lower than The result suggested that these two homologs seem to
that of other motor proteins such as kinesin, myosin, work independently.
and ncd. These data suggest that, assuming MinD-2
hydrolyzes ATP in vivo, it may require an additional fac- Biological Implications
tor(s) in the cell.
Although the ATPase activity of MinD is clearly associ- MinD is a membrane-associated ATPase responsible for
determining the precise septum site in E. coli. Sequenceated with cell division, the mechanism by which MinD
Structure
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Structure Determination and Refinementcomparison shows that it is a member of the large family
The structure of the MinD was determined using the MAD method.of P loop-containing ATPases. The present structure
Five of ten selenium sites were located using the SOLVE [36] pro-analysis has shown that MinD is most closely related to
gram. Initial experimental phases for the five selenium sites were
the nitrogenase iron protein family. This family contains, calculated, and three additional sites were located by difference
among others, proteins involved in the maintenance of Fourier methods using SHARP [37]. After rephasing using eight sele-
nium sites and density modification with solvent flattening usingplasmid and the components of the energy transducing
SHARP/SOLOMON [38] (Table 2), the electron density map wasmultiprotein system. Probably MinD works as a compo-
of excellent quality. A nearly complete model of MinD was builtnent in a transient complex with other min products in
automatically using ARP/wARP [39] at 2.3 A˚ resolution; manual inter-E. coli in a septum-site determination process, though
vention was necessary to build the main chain of a long loop (resi-
the precise mechanism is yet to be studied. dues 175–192) and N and C termini (residues 1, 234–243) using O
MinD is also known to behave like a motor protein in [40]. Two C-terminal residues were not built due to the poor density
at this region. The experimental map also revealed a significantE. coli cells. The present analysis has shown that MinD
peak in the shape of a Mg-ADP molecule (Figure 4a), on which thehas a limited structural similarity with the family of motor
ATP model was easily built.proteins. Although the tertiary structure of ATPase activ-
Molecular dynamics refinement was performed and water mole-ity site is similar in these proteins, the overall topology
cules were located automatically with the CNS [41] program. During
is different. Thus, they are only distantly related, if at refinement, 10% of the reflection data were set aside for the calcula-
all. ATPase activity measurements using the Malachite tion of the free R factor to monitor the refinement, and a default
bulk solvent model was used with maximum likelihood targets. AfterGreen method have shown that the level of ATPase
the first cycle of simulated annealing at 4000 K including minimiza-activity of MinD is much lower than that of other motor
tion and B factor refinement, the R factor and free R factor droppedproteins, which suggest there are some additional fac-
to 23.6% and 26.8%, respectively. An Mg-ADP molecule was addedtor(s) for MinD to exhibit ATPase activity in the cell.
in the second cycle. The topology parameters of the ADP were
The Malachite Green method has also shown that the obtained from Hetero-compound Information Centre of Uppsala
reaction has the initial phosphate burst phase, sug- (HIC-Up) on the Uppsala World Wide Web site [42]. The final model
consisted of 243 residues, 35 water molecules, and one Mg-ATPgesting MinD hydrolyzes ATP in such a way that the
molecule with an R factor of 18.8% and a free R factor of 22.7%. TheATP binds essentially irreversibly and undergoes rapid
model quality was checked using PROCHECK [43]. The refinementhydrolysis, which is followed by a slow release of hydro-
statistics are presented in Table 3. Final coordinates have beenlysis products. The initial phosphate burst has been
deposited in the Protein Data Bank, accession number 1ION.
extensively studied in myosin ATPase reaction. Struc-
ture analysis of MinD may expand the notion of motor
proteins and bridge these two ATPase families: the mo- Measurements of NMR Spectra
Protein dialyzed against distilled and deionized water was used fortor protein family and multicomponent switch protein
NMR measurements. The protein solutions for NMR measurementsfamily.
contained 0.4 mM MinD and 0.1 M KCl in 90% H2O/10% D2O. Free
MgADP solutions contained 5 mM ADP, 10 mM MgCl 2, 0.1 M KCl,
50 mM MOPS/KOH (pH 7.0), 0.5 mM EGTA, 2 mM DTT, and 10%Experimental Procedures
D2O. The pH values have not been corrected for the isotope effect
of D2O and the values described were the direct pH meter reading.Crystallization and Data Collection
31P NMR spectra were recorded on a Varian Unity INOVA 500 spec-The overexpression, purification, and crystallization of the native
trometer at 202 MHz, with a pulse delay of 2.8 s. Chemical shiftsMinD from P. horikoshii has been described elsewhere [16]. Seleno-
were measured downfield from external 85% H3PO4.methionyl recombinant MinD was prepared from methionine auxo-
troph E. coli cells BL21-CodonPlus(DE3)-RIL-X (Stratagene) trans-
formed with pET-22b()/MinD plasmid. Se-Met MinD crystals were
Measurement of ATPase Activity by the Modified Malachitegrown by the hanging-drop vapor diffusion method from a solution
Green Methodcontaining 10.0 mg/ml of protein, 50 mM sodium acetate (pH 4.6),
The ATPase activity of MinD was measured using the modified15% 2-methyl-2,4-pentanediol (MPD), and 10 mM CaCl2 in a drop
Malachite Green method for determination of inorganic phosphateequilibrated against 100 mM sodium acetate (pH 4.6), 30% MPD,
(Pi) [44]. The basal reaction medium consisted of 50 mM MOPSand 20 mM CaCl2. A 10 l drop consisting of equal volumes of
(pH 7.0), 0.1 M KCl, 1 mM MgCl2, and 2 mM ATP. The reaction wasthe reservoir solution and of a protein solution was kept at 20C.
started by adding 0.02 mM MinD up to a volume of 1 ml and wasTetrahedral-shaped crystals were grown within a few days to a size
incubated at 37C. Reaction medium (230 l) was quickly mixedof up to 0.3  0.3  0.3 mm3. The crystal contains one molecule in
with an equal volume of ice-chilled 0.6 M perchloric acid (PCA) andthe asymmetric unit, with a solvent content of 57% and a crystal
centrifuged at 21,700  g for 10 min. An aliquot of the supernatant,volume per protein mass (VM) of 2.85 A˚3/Da.
usually 400 l, was incubated at 25C for 30 min after mixing anMAD data regarding recombinant selenomethionyl MinD were col-
equal volume of the Malachite Green reagent. After the incubation,lected from a single crystal, which had been prereacted by soaking
90 l of 2% (w/v) sodium citrate was added to reaction medium,in 25%–30% sucrose in a reservoir solution for a few minutes, with an
and the absorbance was measured at 650 nm with 1 cm light pathMARCCD detector at the beamline BL41XU of the SPring-8 (Japan).
cuvettes.Flash-frozen technique at 100 K was applied for data collection,
and two energies were chosen near the absorption edge of the
selenium atom based on the fluorescence spectrum: 12.662 keV
Acknowledgments(  0.9791 A˚) and 12.658 keV (  0.9794 A˚) to obtain maximum
f″ and minimum f, respectively. The third energy was selected at
We thank Dr. Y. Kawarabayashi of the National Institute of Technol-13.775 keV (  0.9000 A˚) as a remote point. The Se-Met crystal of
ogy and Evaluation for his kind advice on the harvest of P. horikoshii,MinD diffracted to 2.3 A˚ resolution and belonged to space group
Dr. M. Kawamoto of the SPring-8, Japan, for his help in data collec-P213 with unit cell parameters a  b  c  96.59 A˚. A molecule of
tion, and Dr. M. Takahashi of Hokkaido University for his valuableMinD in complex with one Mg-ADP molecule was in the asymmetry
comments regarding motor proteins and ATPase. This work wasunit (VM  2.85 A˚3/Da). MAD diffraction data were integrated and
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Note Added in Proof
We would like to mention that after submitting this manuscript some
important progresses have been made in this field. Two groups
have shown that MinE joins MinC and MinD in their rapid oscillation
between the cell poles [45, 46]. The structure of MinD from Pyrococ-
cus furiosus has also been established [47].
